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Dynamic of IVM in cattle blood: 
The IVM concentration in the plasma of the four treated bovine was fitted to the number of day post 
injection using a Generalized Additive Model (GAM) with automatic choice of smoothing parameters. 
We used the “gam” function of the “mgcv” package (1) in “R” (2). The GAM model was then used to 
predict the mean concentration of IVM in bovine plasma from 1 to 250 days post-injection.  

Effect of IVM on Anopheles mortality: 
We assume that a vector biting on a given day after host IVM injection will experience an increased 
risk of death and, moreover, it will die at a new constant mortality rate governed by the amount of 
IVM in the cattle blood at the time the blood meal was taken. The GAM model was used to estimate 
this amount of IVM. A Cox proportional hazards survival model was used to describe how this 
concentration of IVM affects mortality. The relationship between the log of the concentration of IVM 
ingested by the mosquito and its mortality was modeled using a second-order polynomial function. 
The hazard from the survival model was converted into a mortality rate by multiplying the baseline 
mortality rate (0.1) by the relevant hazard for mosquitoes biting on each day post host IVM injection. 
We used the “coxph” function of the “survival” package (3) in “R” for this task. 

Malaria transmission model: 
Susceptible-Exposed-Infectious (SEI) model of P. falciparum transmission 
The model described by Slater et al. (2014) (4) was modified to account for two types of host (cattle 
and human) and for the effect on vector mortality of two interventions (IVM in cattle and LLINs in 
humans).  

State variables and parameters of the model are described in Supplementary Table 2. 

We defined the time that IVM is injected to cattle as	𝑠. The length of time that IVM has a mosquitocidal 
effect is denoted 𝑙 and is taken as the number of days that the mortality rate is greater than the 
baseline mortality rate (𝜇&' = 0.1). We then define an ‘on-off’ switch to determine whether IVM is 
having an effect of the vector population of not. 

Each day a proportion of mosquito blood meal is taken on cattle (1-HBI) of which a proportion (based 
on the IVM coverage rate Civm) will contain IVM. These vectors then move to a new compartment 
where they will have a higher mortality rate based on the amount of time after IVM injection that the 
bloodmeal was taken. Once vectors moved to the new compartment on the specified day they will 
have that mortality rate for the rest of their lifespan. The mortality rate for vector biting on day 𝑖 post 
IVM injection is denoted 𝜇&./  and is given by the vector mortality model (Figure 3).  The mortality rate 
of all non-IVM ingested mosquitoes equals the baseline mortality rate 𝜇&'. 

Each day a proportion of susceptible mosquitoes take a blood meal on humans (HBI). A proportion of 
these vectors will move to the infected compartment based on the P. falciparum prevalence (Ppf) in 
the human population and on an infectiousness probability (k). Infected vectors will move to the 
infectious compartment after n days (duration of the extrinsic incubation of P. falciparum).  

Among the vectors that take a blood meal on humans, a proportion µh will die due to the presence of 
LLINs. 



Supplementary Table S1: State variables and parameters of the Susceptible-Exposed-Infectious (SEI) 
model of P. falciparum transmission 

State variables 
and 

parameters 
Definition Value 

Sv Susceptible vectors that have not taken a bloodmeal containing 
IVM 

- 

Ev Exposed vectors that have not taken a bloodmeal containing 
IVM 

- 

Iv Infectious vectors that have not taken a bloodmeal containing 
IVM 

- 

Sv
di Susceptible vectors that took a bloodmeal containing IVM on 

day 𝑖 post-injection 
- 

Ev
di Exposed vectors that took a bloodmeal containing IVM on day 𝑖 

post- injection 
- 

Iv
di Infectious vectors that took a bloodmeal containing IVM on day 

𝑖 post-injection 
- 

Ppf Plasmodium falciparum prevalence in the human population 0.5 
k Infectiousness: probability that a vector become infectious 

while taking a blood meal on an infectious host 
0.1 

g Duration of the gonotrophiq cycle 2 
BR Biting rate : rate at which a vector take a blood meal (in days-1) 1/g 
n Duration of P. falciparum extrinsic incubation 11 
s Day of IVM injection 50 
l Duration of IVM efficacy (in days) 250 
E New vector births per day 300 

µv0 Baseline daily mortality (The mortality rate of all non-IVM 
ingested mosquitoes) 

0.1 

𝜇&./  Daily mortality rate for vector biting on day 𝑖 post IVM injection see Figure 3 
µh Probability of death due to LLIN when encountering a human. Vector 

behavior 
model eq. (2) 

HBI Human Blood Index: Proportion of blood meal taken from 
humans 

Vector 
behavior 

model eq. (3) 
Civm Proportion of cattle treated with IVM 0 or 1 
pivm Probability that a vector take a bloodmeal on an IVM treated 

cattle 
(1 - HBI) x Civm 

pinf Probability that a fed vector become infectious k x Ppf x HBI 
 

Using the following function to move mosquitoes to a new compartment: 

𝛿(𝑡, 𝜏, 𝑑) = 	 51	0
𝑖𝑓	𝜏 ≤ 𝑡 < 𝜏 + 𝑑	

otherwise
 

The following equations are used to describe the system: 

Susceptible, no IVM 

𝑑𝑆&
𝑑𝑡

= 𝐸	 − 	µ&'𝑆𝑣 −	?µ@𝐻𝐵𝐼	 +	𝑝/EF	(1	 − 	µ@) + 	𝛿(𝑡, 𝑠, 𝑙)𝑝GHI	J𝐵𝑅	𝑆𝑣 



Susceptible, IVM (for i = 1,…,l)  

𝑑𝑆&./

𝑑𝑡
= 	𝛿(𝑡, 𝑠, 𝑙)𝑝GHI𝐵𝑅	𝑆𝑣	 −	𝜇&./𝑆&./ − 	(𝑝/EF	(1	 −	µ@) + 	µ@𝐻𝐵𝐼)𝐵𝑅	𝑆&./  

Exposed, no IVM 

𝑑𝐸&
𝑑𝑡

=	 𝑝/EF	(1	 −	µ@)𝑆& − L𝜇&' +	
1
𝑛
	N𝐸& − (𝛿(𝑡, 𝑠, 𝑙)𝑝GHI +	µ@𝐻𝐵𝐼	)𝐵𝑅	𝐸& 

Exposed, IVM (for i = 1,…, ,l) 

𝑑𝐸&./

𝑑𝑡
= 𝛿(𝑡, 𝑠, 𝑙)𝑝GHI𝐸& + 𝑝/EF	(1	 − 	µ@)𝐵𝑅	𝑆&./ − L𝜇&./ +

1
𝑛
+	µ@𝐻𝐵𝐼	𝐵𝑅N𝐸&./  

Infectious, no IVM 

𝑑𝐼&
𝑑𝑡

= 	
1
𝑛
	𝐸& −	𝜇&'𝐼& − (𝛿(𝑡, 𝑠, 𝑙)𝑝GHI +	µ@𝐻𝐵𝐼)	𝐵𝑅	𝐼&  

Infectious, IVM (for i = 1,…,l) 

𝑑𝐼&./

𝑑𝑡
= 	𝛿(𝑡, 𝑠, 𝑙)𝑝GHI	𝐵𝑅	𝐼& +

1
𝑛
𝐸&./ − (𝜇&./ + 	µ@𝐻𝐵𝐼	𝐵𝑅)	𝐼&./  

 

Vector behavior model:  
A vector behavior model was developed to feed the SEI model of P. falciparum transmission with 
credible values of (i) probability that a vector will feed on cattle (1 - HBI) and (ii) probability of death 
due to the LLINs µh (for vectors encountering a human) under various environmental and 
entomological scenario:  

- varied cattle:human ratio in the host population (i.e. more cattle, equal number of human and cattle, 
or more humans),  

- varied levels of LLIN coverage in the human host population (0, 50 or 100%) and,  

- varied host preference phenotype (human vs. cattle) in the Anopheles population (zoophilic, 
opportunistic or anthropophilic).  

We assume that the probability at which a vector chooses a type of host (human or cattle) is 
independent on the origin of a previous blood meal and that LLIN have no remote effect (i.e. no 
deterrence). Parameters of the vector behavior model are described in Supplementary Table 3 . 



Supplemental table S2: Parameters used in the vector behavior model 

Parameter Definition Value Source 

Ch Net coverage : proportion of the human 
population that use LLINs Varied (0; 0.5; 1) - 

rC:H Cattle:human ratio Varied (0.5; 1; 2) - 

a 
Preference for human (against cattle) as 

it would be measured in a dual choice 
olfactometer 

Varied  
(0.2; 0.5; 0.8) - 

Pii 
Proportion of exposure to bite during 

which LLIN is in use 0.9 (5,6) 

μh.u 
Death probability when encountering 

an unprotected host in an experimental 
hut (EH) 

0.0485 

(7), data for 
Permanet2 in the 
Kou Valley area. 

μh.p Death probability when encountering a 
human protected by an LLIN in an EH 0.4438 

fhu 
Successful feeding probability when 

encountering an unprotected human in 
an EH 

0.7566 

fhp 
Successful feeding probability when 

encountering a human protected by an 
LLIN in an EH 

0.3526 

 
Calculation of the probability of death due to the LLINs (for a vector encountering a human) 
We assume that malaria vector can take a blood meal either on human or cattle. Human are considered 
either protected if they use LLINs or unprotected. The probability for a vector that an encountering 
human is protected by an LLIN equal the proportion of human Pp that are protected by an LLIN. Giving 
the LLIN coverage (Ch) in the human population and the proportion of exposure to bite during which 
LLIN is in use (Pii), we calculated Pp as follow: 

Pp = Ch x Pii          (1) 

The use of LLINs in the human population increase the probability of mortality for vectors encountering 
human hosts. From experimental hut trial (EHT) data, we can calculated μh.p, the probability of death 
for a vector entering a hut with a human protected by an LLIN, and μh.u, the probability of death for 
one entering a hut (i.e. the control hut) with an unprotected human. The difference between μh.p and 
μh.u is the mortality induced by the presence of the LLIN. Knowing the proportion of human Pp that are 
protected by an LLIN (equation (1)), we can deduce the probability of death due to the LLIN (μh) when 
encountering a human as follow: 

μh = (μh.p - μh.u) x Pp         (2) 

 

Calculation of the probability that a vector fed on cattle 
Each day, the proportion of fed vectors having taken a blood meal on human is the realized Human 
blood index (HBI). It can be express as: 

HBI = Fh / (Fh + Fc)          (3) 

With Fh, the probability that, on one night, a vectors successfully feed on human and Fc, the probability 
that a vector successfully feeds on cattle. 



Fh and Fc are the product of, for each host, its relative availability in the community (A), the probability 
of successful feeding (f) when encountering this host and the preference (a) of the vector population 
for this host: 

Fh = Ah x fh x a          (4) 

Fc = Ac x fc x (1 - a)         (5) 

The preference (a) for human hosts is defined as the intrinsic preference (i.e. phenotypic) of the vector 
population, i.e. the proportion of a sample of the vector population that would choose the human host 
in a dual-choice (human vs. cattle odor) olfactometer.  

Relative availability of each host can be expressed as the proportion it represent in the total host 
population. Giving a defined ratio of cattle per human (rC:H) in a community and the proportion Pp 
(equation (1)) of human that are protected by an LLIN, we can calculated :  

The proportion Ah of host that are humans:  

Ah = 1 / (1 + rC:H)         (6) 

The proportion Ap of hosts that are protected human:  

Ap = Ah x Pp          (7) 

The proportion Au of hosts that are unprotected human:  

Au = Ah x (1 - Pp)          (8) 

And the proportion Ac of hosts that are cattle:  

Ac = 1 – Ah           (5) 

Successful feeding probabilities when encountering a protected  (fhp) or unprotected human (fhu) were 
deduced from EHT data by dividing the number of blood fed vector collected in the huts by the total 
number having entered the huts (for both treated and control huts, respectively). Successful feeding 
probability when encountering a cattle was considered equal to the one of unprotected human. We 
therefore can calculate Fh and Fc as follow: 

Fh = (Ap x fhp + Au x fhu) x a        (6) 

Fc = Ac x fhu x (1 - a)         (7) 

Fh and Fc can then be used to calculate HBI by solving equation (3). 

The probability that a fed vector took its blood meal on a calf is therefore equal to 1 – HBI. 
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